Abstract A heat transfer model based on the well-known Henderson equation has been modified to allow for self-sustained ignition and the flaming combustion phenomena of E-glass fibre-reinforced epoxy composites to be predicted from first principles using known thermal-physical and thermodynamic data for their constituents. The modifications consider: (1) the assignment of thermodynamic conditions (e.g. ignition temperature and mass flux of volatiles) necessary and sufficient to trigger self-sustained ignition, and (2) the inclusion of an integrated loop allowing the heat energy generated from the flaming combustion process to be fed back into the burning laminate. The model compares moderately well with experimental results obtained from cone calorimetric measurements. The additional modelling capabilities considered in this study provide the basis for an analytical model that can more accurately predict the thermal response and flaming combustion of glass fibre-reinforced polymer composites exposed to a one-sided radiant heating environment in the presence of an ignition source.
Introduction
The structural performance (e.g. resistance to deformation under load) of fibre-reinforced polymer (FRP) matrix composite materials when exposed to heat is a critical design parameter for fire-prone applications in various industrial sectors (e.g. aerospace, marine and automotive) as well as buildings. Specifically, the key objective is for the FRP composite structures to have the ability of retaining their initial structural integrity for the longest possible time to allow for the evacuation of occupants. In cases where it is not possible to prevent ignition or significantly delay this event, it is then necessary to assess the time at which the composite will ignite and the rate at which its structural integrity will deteriorate. The rate of depletion in the structural integrity and the severity of the resultant losses in composite strength or stiffness are critical parameters essential during the design process. The current composite design methodologies, involve the execution of a series of experiments, which reproduce as closely as possible the worst case thermal damage scenario a composite material may experience. The experimentally measured data then allows material designers and engineers to specify materials and designs with more confidence.
However, it is becoming increasingly desirable to theoretically model the combustion process using mathematically based simulation tools in order to screen new polymer resins and additives early in the design process, well in advance of experiments and industrial scale-up. The theoretical simulations allow engineers to assess as accurately as possible the inherent deformation resistance of mechanically-loaded FRP composites when exposed to heat/fire. Such models should also help engineers to better understand and control the thermal and chemical processes related to heat damage and combustion, providing an early opportunity to reformulate where inherent weaknesses are identified. In the longer term, highly accurate predictive computer models of the combustion process, which would have been thoroughly validated against experimental data, will offer the potential to partially or even wholly replace experimental testing as the principal means of validating the structural fire performance of FRP composites.
The mathematical modelling of combustion in FRP composite laminates is a complex task requiring consideration of heat transfer, the chemistry and kinetics of decomposition and combustion, the mass transport of volatiles through melts and chars as well as the masstemperature dependence of the laminate immediately before, during and after ignition. This information can provide insight into the accompanying mechanical property degradation of these laminates during and following heat exposure. A number of researchers have tackled this challenge in numerous works; the Henderson model, 1,2 consisting of three coupled partial differential equations describing heat transfer, mass transfer and the chemical kinetics has remained the starting point for most researchers since its inception. More recently, Mouritz and Gibson, 3 Drysdale and Grant, 4 Drysdale and Kuang-Chung, 5 Lyon 6, 7 Staggs, [8] [9] [10] [11] [12] Galgano et al., 13 Dodd et al., 14 Lautenberger and FernandezPello, 15, 16 and the authors Kandare et al., 17, 18 have provided refinements of the Henderson model, which examine different aspects of the combustion problem. However, in many of these models there is no mechanism to predict the rapid changes in surface temperature, which occur immediately after ignition. It is the intention of this work to refine our recently developed heat transfer model 17, 18 to include ignition and flaming combustion processes as an additional heat source, which is activated under certain threshold thermodynamic conditions.
Modelling thermal response of glass fibre/ epoxy composite laminates 1D heat transfer model
This article describes theoretical modelling capabilities of an analytical thermal model developed by the authors that can be used to predict the thermal response and/or flaming behaviour of glass fibre-reinforced epoxy (GFRP) composite laminates. The thermal model presented herein describes a GFRP laminate subjected to a steady-state one-sided radiant heat flux; e.g. the top surface of the laminate is exposed to radiant heating while the reverse surface is completely thermally insulated using a ceramic blanket as illustrated in Figure 1 . The temperature-time response of a composite laminate in the through-thickness dimension was predicted using a modified Henderson 1D heat transfer model. 1,2 The principal heat transfer processes presented in Figure 1 describe heat flow into, through and out of the composite laminate. At the radiant heat-exposed surface of the laminate, a fraction of the incident radiant heat is absorbed into the laminate and the balance is either re-radiated or transferred back into the air above the specimen by escaping hot volatile gases. The surface temperature of the laminate, T s , is governed by the relative flow of heat in accordance to radiative, convective and conductive heat transfer mechanisms as well as by enthalpy loss due to volatile gas escape.
For non-thermally degradable materials (e.g. metal alloys), the exposed surface temperature gradually increases until it reaches a steady-state temperature Figure 1 . Schematic representation of a structural laminate exposed to a steady-state external heat flux from an overhead source, and the heat transfer pathways associated with the system. value, which is time invariant. However, materials containing thermally degradable or combustible matter such as polymer resins are reactive to temperature changes. At relatively low temperatures, the temperature-time profiles of polymer-matrix composite materials are similar to those of non-combustible materials. However, when the critical resin decomposition temperature is reached, the matrix will progressively degrade producing combustible volatiles and in some cases a solid primary residual char. Depending on the severity of the heating conditions, the primary char may further degrade giving off additional volatiles and a secondary carbonaceous char. The degradation/decomposition of the matrix has severe implications on the structural integrity of FRP composite structures exposed to high temperature environments.
The fundamental equation describing the heat transfer within a FRP laminate is described by 1, 2 
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The LHS of equation (1) represents the rate of change of the heat stored within the laminate, which is balanced on the RHS of the equation by terms representing; (1) the conduction of heat within a laminate, (2) the enthalpy changes caused by the flow of volatiles into/out of the pyrolysis zone, and (3) the heat of decomposition of the laminate coupled together with variations in the enthalpies of the residual char and volatiles. Boundary conditions describing the experimental conditions were also imposed on the thermal model in order to supplement the partial differential equation expressed in equation (1) . The thermal boundary at the radiant heat-exposed surface contains a radiation term -the Stefan Boltzmann law -as well as a convective term, which mathematically describes the loss of heat as a result of convection. This thermal boundary condition is given by the expression
The imposed thermal boundary condition at the unexposed/insulated reverse side of the composite laminate is given by
The flow of heat through the laminate is modeled by the partial differential equation
Equation (4) can be expressed by a finite difference equation expressed in spatial derivatives
Thus, equation (5) can be written in the form of expressions (6) and (7) in order to describe heat transmission near the exposed laminate surface (i ¼ 1 or s), and the insulated reverse surface (i ¼ n), respectively
Equations (1) to (7) are coupled and simultaneously solved via finite difference methods to yield temperature profiles along the through-thickness dimension of a non-flaming composite laminate provided the heat capacities, material densities, thermal conductivities and, the heats of decomposition of the constituent elements are known a priori. An accurate mathematical description of the flaming combustion process is however, required to model the thermal response of a burning laminate. Mathematical terms describing the decomposition and flaming combustion processes of radiant heat exposed laminates are discussed in detail in section 'Flaming combustion modelling'.
Modelling thermal decomposition kinetics and laminate thickness recession
In this article, a simple single-step degradation scheme is assumed for the degradation of the resin within a 50:50 w/w E-glass/epoxy composite. 19 The mathematical relationships describing the decomposition kinetics of the composite laminate are given by equations (8) to (10) 
Here, w units of the resin degrade to form products with a selectivity, s char ¼ w char /w towards char, and s vol ¼ w vol /w towards volatiles. The instantaneous mass fractions of the resin, the residual char and volatile components as a function of time are given by equations (11) to (13) , respectively f re sin ,i,tþ1 ¼ f re sin ,i,t ð1 À k decomp,i Á tÞ ð11Þ
These mathematical expressions are best suited for the finite difference method as they allow the thermal problem to be solved iteratively. The change in the thickness, x i , of the ith laminate layer as a function of the instantaneous solid concentrations of resin (f resin, i, t ) and char (f char i, t ) in that layer is calculated using the expression
Implementation of the thermal model
The solution to the overall predictive heat transfer model is determined by solving the principal finite difference equations (2) and (5) to (7). These equations are supplemented in real time by auxiliary equations (8) and (10), which describe decomposition, as well as equations (11) to (13), which calculate the instantaneous mass fractions of resin, char and volatiles in each layer. These coupled equations are solved by use of an iterative calculation process that progressively updates the initial values of variables, as the entire simulation converges towards a stable solution.
1D mass transfer modelling. At relatively high temperatures (>300 C), typical polymer matrix-structural FRP composites decompose producing both inert and combustible volatiles. Under the horizontal cone calorimetry testing mode employed in this study, the volatiles are assumed to escape towards the heat source (e.g. directional convective flow from the exposed surface towards the cone heater). The instantaneous mass flux of the volatile mixture at any given time is calculated using a volatile diffusion equation improvised by Staggs from the Darcy model, 20 where the pressure gradient through the laminate is replaced by the corresponding temperature gradient. This is done because (1) it was not possible to measure the true pressure gradient in the laminate experimentally and (2) temperature and pressure are intimately related for the case of gases by equations of state such as the ideal gas equation pV ¼ nRT. It is established below (Section 'Estimation of density and specific heat capacity of volatiles') that the specific volume of methane, the model gas here, is highly linear with respect to temperature; hence an equivalent relationship is expected between temperature and pressure, especially for confined volumes of gas in each layer of the laminate, where rapid decompression of the newly formed volatile species may not occur immediately. The resulting mass transfer model is given by equation (15) 
The instantaneous mass flux of volatile mixture at time, t and position x within the laminate, is a product of the thermal mass transfer coefficient, T , the density of the composite, , the proportion of volatiles formed by decomposition within the laminate, (1Àf char ), and the temperature gradient in the through-thickness dimension of the laminate. A discretised version of equation (15) is used with the temperature data together with the mass transfer coefficient, T , to calculate the mass transfer rate of the volatiles according to
The mass balance of the i-1th layer is updated by adding the value of m vol (x,t) to the concentration of volatiles already within the ith layer, C vol, i-1 , for example, C vol, i-1 is the sum of C vol, i-1 and m vol, i (x,t). A value of T ¼ 3.788 Â 10 À10 m 2 /s-K was used satisfactorily within a credible mass transport model previously developed by Staggs, 20 and has been adopted as a first approximation in this study. However, it remains to establish an accurate experimental value for this critical parameter for a range of polymer resin matrices including the epoxy resin used in this study. Nevertheless recent work by Fereres et al., 21 has begun to address this deficit of mass transfer data.
Flaming combustion modelling. The prediction of combustion from first principles is achieved by applying fundamental thermodynamics laws. Lyon et al. 6 described the instantaneous critical heat density, Q comb , at the lower flame limit for the combustion process (e.g. at the flame temperature prior to the combustion stage, T f ) as defined by equation (17)
According to Lyon et al., 6 the corresponding critical volatile mass flux, defined as the lowest volatile flux necessary to sustain combustion at a given temperature, is given by equation (18) 
The critical temperature that must be reached for ignition to take place is called the ignition temperature, T ign , and is given by equation (19) 6
Thus, for the case of a solid laminate at 298 K, with a specific heat capacity of 1540 J/kg-K (Table 1) , and a heat of gasification of the order of 2 MJ/kg, the calculated ignition temperature is 622 K (349 C). This value is used to calculate the critical heat density and volatile mass flux using equations (17) and (18) (17) to (19) as the three minimum conditions necessary for self-sustained ignition to occur. In the model equation (19) represents the first ignition criterion, which determines whether there is sufficient stored enthalpy in the laminate immediately prior to ignition to sustain combustion. In particular it is necessary to ensure that the model does not recognise combustion for the particular case where one or both of the heat and volatile fluxes might exceed values in equations (17) and (18), but the surface enthalpy (via surface temperature), of the laminate is too low to sustain combustion beyond the ignition point. Thus, equations (17) and (18) are criteria, which determine whether sufficient heat and volatile fluxes are present to sustain combustion at the ignition temperature (hence also ignition enthalpy). In the finite difference code, once all these three conditions are satisfied at the instantaneous temperature, flaming combustion is enabled. The specific sequence of calculations used to activate flaming combustion in the model is as follows: equations (17) to (19) are used to calculate theoretical criteria of ignition. These formulae employ the measured physical and combustion properties of epoxy resin in the presence of glass. When the program calculates values that satisfy these equations, a subroutine within the program is activated which calculates the instantaneous heat of combustion of the model gas in each calculation layer, i, and adds this term into the finite difference equations for the temperature increments in all layers. The program terminates either at an arbitrary time (i.e. 600 s), or when surface and bottom temperatures converge to within a pre-defined tolerance (typically 1 K).
Experimental

Materials and composite laminate fabrication
Eight-ply woven roving E-glass epoxy composite laminates were used to validate the flaming-combustion model. The woven E-glass FRP composite laminates were fabricated using a low-viscosity and low temperature-curing base epoxy resin containing 1,4-butanediol diglycidylether (Araldite LY5052) and an amine-based hardener (HY5052) as extensively described in our previous work. 17, 18 The average thickness of the composite laminate was measured as 3.0 AE 0.2 mm for the master laminate. The master laminate was then cut into coupon-sized specimens for test-specific configurations. The epoxy resin was used as received without any modifications (e.g. no additives were applied). The E-glass/ epoxy composite laminates contained 50% w/w with respect to the epoxy content; e.g. 32% E-glass fibre Table 1 . Physical properties and reaction parameters of the decomposition and combustion of the glass/epoxy composite laminate as used in predictive combustion models volume fraction. The fabricated E-glass/epoxy laminate is referred to herein as EP/F in order to maintain consistency with our previous publications wherein the same composite was investigated for its thermomechanical behaviour. 17, 18 Standard cone plaques of 100 mm Â 100 mm were cut from the master laminates in accordance to the ISO 5660/ASTM E1354 testing standard. In some composite laminates, K-type thermocouples were inserted at the centre (e.g. between the forth and fifth layers) during the wet lay-up process to allow the experimental measurement of temperature profiles in the centre of the through-thickness dimension.
Cone calorimeter radiant heat exposure
The heat exposure of the FRP laminates was performed using the FTT (Fire Testing Technology, UK) cone calorimeter in the horizontal mode at an incident heat flux of 50 kW/m 2 . In this study, the flaming combustion process is initiated by a pilot in the form of a spark as specified in the cone calorimeter standard, ISO 5660-1, 1993. The test specimens were mounted at a distance of 25 mm from the heating plate of the cone heater. During thermal exposure, K-type thermocouples were pressed against both the exposed and insulated surfaces of the test specimens using thin steel wires. In addition, small spots of Araldite epoxy resin were applied at thermocouple contact points to maintain contact for as long as possible during combustion. Thermal data was recorded every second during heat exposure up to 600 s. The unexposed surface and the free edges of the test specimen were insulated using a ceramic blanket, in order to maintain consistent thermal boundary conditions which were then imposed in the thermal model. Exposures of multiple composite laminates were performed, with good reproducibility of temperature profiles across all specimens tested. The thermo-physical properties determined via experiments for the epoxy composite investigated here are reported in Table 1 while details of their extraction are found elsewhere. 17, 18 These data consist of the Arrhenius parameters which describe the first order, single-stage decomposition for the resin matrix, as well as its heat of decomposition.
Thermal-physical properties: Thermal model input data Variation of effective laminate density with temperature
The density of the as-manufactured composite laminate at room temperature was determined using Archimedes' principle. Due to delamination, it was impossible to determine the densities of heat-damaged laminates using the Archimedes' principle. Therefore, the densities of the heat-damaged laminate specimens were theoretically calculated using the measured solid-state weight fractions of the virgin and charred materials. The effective density of the glass fibre-reinforced epoxy laminate was calculated as a function of increasing temperature by using the engineering rule-of-mixtures ðTÞ ¼ ðTÞ fibre char þ ð1 À ðTÞÞ matrix char ð20Þ
The variation in the effective composite density as a function of temperature calculated using equations (20) and (21) is shown in Figure 2 (a). The density of the composite laminate at ambient temperature was experimentally found to be 1380 kg/m 3 . Upon heating the composite, its effective density remains unchanged up to temperatures as high as 400 C. Above 400 C, the resin matrix begins to degrade, subsequently decomposing to produce gaseous volatiles and solid residual char. The loss in resin content with increasing laminate temperature creates internal pores within the composite. The formation of internal pores coupled with delamination effectively leads to the reduction in the composite material density reaching a value of 1080 kg/m 3 at a temperature of 800 C.
Variation of specific heat capacity and thermal conductivity of the laminate with temperature
The specific heat capacity of the laminate was determined as a function of temperature via differential scanning calorimetry between 30 C and 600 C. 17 On the basis of this measurement, a specific heat capacity of 1540 J/kg-K was used for the virgin glass fibre/epoxy composite while that of the completely charred composite was modelled to be 1300 J/kg-K. The specific heat capacity of glass fibre was allocated a literature value of 840 J/kg-K, 17 so that model values for the composite were derived from mass-weighted averages of the specific heat capacities for both the initial resin-glass composition and that of the final char-glass residue as a function of the changing component fractions. The curve generated from this calculation is shown in Figure 2 (b). The thermal conductivities of the virgin and charred composite laminates at room temperature were determined using Lee's Disk Method. 17 Unlike the effective composite density, which was calculated using an additive equation (e.g. series connectivity), the variation of the thermal conductivity with temperature was estimated using a reciprocal weighting law (e.g. parallel connectivity)
The variation of the effective thermal conductivity of the laminate with temperature is shown in Figure 2 (c) and follows the same behaviour demonstrated by the effective composite density in Figure 2 (a).
Estimation of density and specific heat capacity of volatiles
Due to the thermal expansion phenomenon, the density of the volatiles generated from the decomposition of the composite laminate is related to the temperature. In this thermal model, methane has been used as a representative of all the gaseous species evolved during thermal decomposition of the composite laminate. The authors agree that this is an oversimplification of what is otherwise a complex mixture of volatile species comprising lower alkanes and phenolic moieties produced during the decomposition and/or flaming combustion reactions of epoxy resin systems. 22 The characterisation of volatile gases evolved from the decomposition of epoxy resin and the incorporation of this information into the flaming combustion model will be the subject of subsequent publications wherein the refinement of the current thermal model will be sought. The expansion behaviour of methane can be approximated via an equation of state 23
The instantaneous specific volume of generated volatiles can be expressed as a function of temperature (Figure 3(a) ), pressure and the compressibility of the volatile mixture effectively describing the departure of methane from ideal gas behaviour (R ¼ 8.314 J/molK). The specific volume of methane can be converted into mass density by using its molecular weight with the latter shown as a temperature-dependent variable in Figure 3 (b). The specific heat capacity of methane is not constant but is a direct and nearly linear function of temperature as calculated using an atom contribution method described by Perry et al. 
The theoretically calculated (equation (24)) specific heat capacity-temperature dependency of methane is shown in Figure 3 (c).
Results and discussions
Fire reaction properties of the glass/epoxy composite laminate
The fire reaction properties of the glass/epoxy composite laminate subjected to one-sided radiant heat were measured using the cone calorimeter in the horizontal testing mode as described in section 'Cone calorimeter radiant heat exposure'. Figure 4 shows the throughthickness temperature and composite mass as a function of exposure time for the glass/epoxy laminate exposed to an incident heat flux of 50 kW/m 2 in the presence of a pilot in the form of a spark. Figure 4(a) shows the temperature-time profiles measured at the exposed surface, mid-point in the through-thickness dimension and the insulated surface of the composite laminate. In the initial exposure stages (t < 74 s), the temperature profiles at the three locations increase in a transient fashion and exhibit very similar contours. After 74 s of heat exposure, there is a sudden jump in the temperature measured at the exposed laminate surface which corresponds to self-sustained ignition (e.g. the initial stages of the flaming combustion stage). The temperature measured at the exposed surface reaches a maximum value of 740 C after 130 s of radiant heat exposure after which there is a rapid drop over a 20-s period to reach a steady-state value of 600 C. The temperature-time profiles measured at the centre and insulated surface of the laminate gradually increased following the ignition event, which occurred after 74 s of heat exposure. The temperature profiles measured at the three locations across the through-thickness dimension of the laminate converge after 150 s of exposure suggesting the conclusion of the flaming combustion reactions. After 140 s of exposure, the middle layer temperature exceeds that of the Figure 3 . The temperature dependency of the (a) molar volume, (b) specific density and, (c) specific heat capacity of methane. The specific heat capacity of methane is determined using the atom contribution method (ACM).
original upper layer. This can perhaps be explained by an objectively higher temperature within the core of the laminate relative to the surface, as the latter forms char which serves to insulate lower layers. Alternatively it could be explained by the progressive collapse of the laminate during the combustion phase resulting in the upper thermocouple assuming a lower position within the laminate, where it becomes relatively more shielded from the primary heat source. However, in general such an event would be highly random, and governed strongly by the individual nature of each specimen's structure. For this reason, the former explanation is more feasible.
The remaining composite mass is plotted as a function of exposure time in Figure 4(b) . There is no reduction in the composite mass in the first 50 s of heat exposure primarily due to the fact that the laminate temperature is below the decomposition temperature ($350 C) of the epoxy resin. After the laminate surface temperature reaches the decomposition value (t > 50 s; T s > 350 C), the epoxy resin matrix begins to decompose releasing combustible hydrocarbon volatiles and other inert gases, hence the sudden drop in the measured remaining mass of the laminate. The volatile products of the decomposition reaction of the epoxy matrix collect in the air above the specimen until they reach a critical mass flux value at which point ignition occurs (i.e. self-sustained flaming combustion is achieved). The heat generated from the flaming combustion reaction is fed back into the system thereby accelerating the decomposition rate of the polymer matrix. After $140 s of heat exposure, the mass of the laminate approaches a steady-state value of 53% and this event corresponds to the flame-out stage of the once burning composite laminate.
Thermal model validation
The 1D heat transfer thermal models with/without flaming combustion capabilities were validated against experimental data collected using the cone calorimeter. Firstly (Model A), the thermal model that does not model auto-ignition and the subsequent flaming combustion of the laminate is considered. This model was based on the classical Henderson heat transfer model and did not feature temperature-dependent physical properties, a model for mass transfer or any model for the prediction of ignition. This was done to emphasise the cumulative effect of these three parametric variables in improving the predictive capacity of the model. Experimentally-measured and theoretically predicted temperature-time profiles at the exposed and insulated surfaces of the test specimen are shown in Figure 5 . While the theoretical model can predict the temperature-time evolution at any nominated position along the through-thickness dimension of the laminate, only the exposed and insulated surface data is shown here to maintain clarity. The non-ignition thermal model overestimates the exposed surface temperature up to ignition point (i.e. exposure time <74 s). Also, this thermal model does not capture significant changes in the thermal behaviour of the laminate following self-sustained ignition; i.e. the rapid increase in the exposed surface temperature. Thus, it is apparent that the non-ignition model, constructed without temperature-dependent properties, is incapable of predicting the effects of self-sustained ignition. It was therefore necessary to examine other ways in which the non-ignition thermal model could be improved in order to accurately simulate ignition and the ensuing flaming combustion process. A number of improvements on the existing thermal model were proposed and implemented; (1) the inclusion of temperature-dependent physical properties and (2) the incorporation of the mass transfer dynamics of combustible volatiles into the air above the test specimen and their subsequent combustion. It was therefore necessary to obtain (1) accurate thermal-physical property data for the laminate calculated from weighted fractions of constituent components within the composite and (2) an accurate mathematical expression describing the temperature dependency of these thermal-physical properties. In addition, a new calculation routine was implemented with the intention of predicting the ignition time and heat generated from the flaming combustion process. Figure 6 shows the temperature-time profiles at the exposed and insulated surfaces of the composite laminate subjected to radiant heating in the presence of a pilot in the form of a spark. The ignition model somewhat systematically underestimates the insulated surface temperature, however; remarkably, the contours of the theoretical temperature-time profiles are exact. The theoretically-predicted temperature at the exposed surface agrees fairly well with the experimentally-measured data albeit revealing somewhat significant discrepancies for the post-ignition exposure period. The ignition model accurately predicts the ignition time as shown by the rapid increase in the temperature of the exposed surface at time, t ¼ 65 s. The theoretical duration (37 s) of the flaming combustion reaction is however, significantly shorter than experimentally observed (75 s). In addition, the maximum theoretically-predicted temperature at the exposed surface calculated as 610 C is lower than the experimentally-measured value of 740 C. Despite the discrepancies mentioned above, the possibility of reliably simulating the flaming combustion of a polymer composite has been demonstrated here. The features on the theoretically predicted temperature-time profiles at both the exposed and insulated laminate surfaces resemble those observed experimentally notwithstanding some variations. A number of reasons such as incorrect thermalphysical input data for: (1) the convective heat transfer coefficient, (2) radiative reflectivity, (3) thermal conductivity, (4) specific heat capacity, and/or (5) insufficiently accurate experimental temperature measurements may be implicated for the observed deviations.
To complement the information derived from the temperature-time profiles across the through-thickness dimension of a laminate, mass-time profiles can also provide an insight into the modelling accuracy. When the temperature of the laminate reaches the decomposition temperature of the resin, material degradation and/or decomposition begins. The decomposition process involves the degradation of solid material into residual char and volatile gases which escape into the air above the test specimen. Thus the instantaneous temperature of the laminate following thermal exposure for a prescribed time dictates the remaining resin content within the composite laminate at that given time. Mass difference values (e.g. experimental minus predicted composite mass (%), plotted against exposure time) for both the non-ignition and auto-ignition thermal models are shown in Figure 7 . Both models underestimate mass loss in the pre-ignition phase (50 < t < 74 s) but Model B overestimates the losses in the post-ignition stage (t >100 s). Although neither thermal model predicted exact experimental values, . Theoretical data were extracted from two thermal models; one which excluded ignition and another which accounted for auto-ignition and subsequent flaming combustion reactions. Figure 6 . Experimentally measured (data points) and theoretically predicted (solid lines) temperature profiles for the glass/epoxy laminate exposed to one-sided radiant heating at an incident heat flux of 50 kW/m 2 . Theoretical predictions were performed using a model including ignition hence the subsequent flaming combustion.
the modelling tools implemented in the ignition model enhanced the predictive accuracy. While the discrepancies in the mass difference were as high as 22.5% for the non-ignition model, the largest deviation observed for the ignition model was only 12.5% -a two-fold improvement in the predictive modelling accuracy of the flaming combustion model. The accuracy of cone calorimetry data has been evaluated by Gilman et al. 24 to have a standard deviation of AE10%. With the exception of data between 70 and 98 s, the mass difference values obtained for the ignition model are within the AE10% experimental error range. These data suggest that the flaming combustion model developed in this paper provides an encouraging basis with which to predict the fire reaction properties of polymer matrix composites subjected to one-sided radiant heating in the presence of a spark-assisted ignition source. However, there is a need for the refinement of the thermal-physical data used in this simulation in order to further enhance the predictive accuracy of the model. The accuracy of this predictive tool can also be improved by using experimentally measured combustion data for the actual hydrocarbons evolved during the flaming combustion process instead of over-simplifying the process by assuming that methane is the only combustible volatile produced.
Conclusions
A thermal model based on the Henderson heat transfer equation 1, 2 has been used in the prediction of the through-thickness temperature-time profile evolution of a glass/epoxy composite laminate subjected to onesided radiant heating in the presence of spark-assisted ignition. The Henderson thermal model was modified to allow the prediction of self-sustained ignition and the ensuing flaming combustion process for heat exposed glass/epoxy laminate. The modification involved; (1) the inclusion of mathematically describable fire reaction conditions (e.g. correct ignition temperature and volatile mass flux) that would trigger self-sustained ignition, and (2) the implementation of a feedback loop for the heat of combustion generated during flaming process. These modifications led to the development of a thermal model used in the prediction of the temperature-time and mass-time data with a fair degree of accuracy. The modifications to the Henderson equation significantly improved the accuracy of the thermal model; however, there still exist points of departure between the experimentally measured and theoretically-calculated data. It is anticipated that by using accurate volatile diffusivity/ permeability parameters and also identifying and quantitatively profiling individual volatile species released during decomposition, a model of better quantitative fidelity will eventually be developed for the flaming combustion modelling problem. It is also critical to experimentally measure with high accuracy the surface temperatures of the flaming composite laminate, preferably by means of non-contact methods which are not vulnerable to detachment because of receding laminate thickness due to the decomposition of the resin matrix. The research outcomes presented in this article will contribute to on-going scientific efforts in the flaming combustion modelling of fire structural responses of GFRP composites. 
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